• Zebrafish from exercise and control treatment groups were compared for anxiety
A C C E P T E D M A N U S C R I P T like behavior after exercise, however, inconsistent training regimes and behavioral paradigms across studies may be confounding the results. Zebrafish (Danio rerio) are a well-established animal model in neurobehavioral research, and have the potential to shed new insight into the effects of exercise on anxiety-like behavior where previous research has been limited, due to the ability to precisely control intensity and duration of exercise, and the validation of tests for measuring different aspects of anxiety-like behaviors. In the current study, fish were split between two treatment groups; Exercised and Control. Fish in the exercised condition were aerobically challenged (max water velocity: 0.5 m/s) using a swim tunnel one hour a day, five days a week, for six weeks. Control fish spent an equal amount of time in the swim tunnel but were not aerobically challenged (max water velocity: 0.05 m/s). After six weeks, all fish were tested individually in two standard complimentary anxiety tests for zebrafish: the novel tank test and the light-dark test. Exercised fish exhibited reduced anxiety-like behaviors in the novel tank test; they spent more time in the top and were quicker to enter the top of a novel tank compared to Control fish. In addition, Exercised fish spent more time in the light compartment of the light-dark test compared to Control fish. Our results demonstrate the beneficial effect of exercise on anxiety-like behavior in zebrafish.
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INTRODUCTION
In mammalian models of human physiology research, exercise has been shown to decrease anxiety-like behavior by mediating changes in the hypothalamic-pituitaryadrenal (HPA) axis (Fulk et al., 2004; Patki et al., 2014; Lalanza et al., 2015) . However, a number of studies have also reported minimal effects or even an increase in anxiety-like behavior (Burghardt et al., 2004; Fuss et al., 2010; Lalanza et al., 2015) . Different training regimes (voluntary wheel running versus forced treadmill running, duration and intensity of exercise training) and behavioral paradigms (different tests of anxiety, such as the open field test, elevated plus maze or light-dark test) may play a part in the inconsistent results across studies. For example, many rodent studies that have looked at the effects of exercise on anxiety-like behavior have focused on the effects of voluntary wheel-running. Although the voluntary exercise paradigm has many benefits, including a reduction in human-subject interactions, there are a number of drawbacks, especially concerning the consistency of wheel-running across individuals (Otsuka et al., 2016) .
Fish represent a novel alternative for studying the effects of exercise on the brain and behavior because exercise intensity and frequency can be tightly controlled. It has been suggested that the neural mechanisms underlying the effects of exercise on cognition and stress resistance are conserved among vertebrates, including fish (Nicastro and Greenwood, 2016) . In particular, the neuronal pathways of the serotonergic system (which control the HPA axis) seem to show some degree of evolutionary conservation, with many of the behavioral functions of serotonin being highly conserved, including anxiety behavior (Herculano and Maximino, 2014) . Moreover, previous opinion has been
that fish possess simple brains that could only undergo basic neuronal processes of primitive behavior (Dugatkin and Wilson, 1993) . However, a recent surge of interest in fish cognition has provided growing evidence that the fish brain is more sophisticated than this, and the utility of this complexity in fish behavior is only now emerging (Bshary et al., 2002; Braithwaite, 2005; Stewart et al., 2012) . Recently, exercise has been shown to have beneficial effects on learning in zebrafish, Danio rerio (Luchiari and Chacon, 2013) , and has been shown to increase boldness, exploration and aggression in mosquitofish, Gambusia holbrooki (Sinclair et al., 2014) , however, the effects of exercise on anxiety-like behavior in fish have yet to be explored.
Zebrafish are becoming a widely used animal model in neurobehavioral research due to their low cost, quick reproductive cycle, ease of genetic manipulation and the availability of well-developed behavioral paradigms. More recently, zebrafish have become an established model for looking at the effects of exercise on brain and behavior (Luchiari and Chacon, 2013; Gilbert et al., 2014) . Traditionally, the swimming performance of fish has been measured using standard techniques for assessing aerobic swimming capacity (critical swimming velocity, Ucrit), and usually involves one to several stepped increases in flow speed that are intended to cause fish to fatigue (Brett, 1964) . Ucrit as a measure of aerobic capacity has been used extensively in studies on zebrafish (e.g. Plaut, 2000; Uliano et al., 2009; Palstra et al., 2010; Massé et al., 2013) .
Thus, values of Ucrit can be used to consistently and accurately determine different swimming regimes for exercising zebrafish.
A number of paradigms have been developed as effective tests of anxiety-like behaviors in zebrafish, and are designed to elicit behaviors that parallel anxiety-like (Stewart et al., 2012) . However, it has been suggested that each test assesses different aspects of anxiety (Blaser and Rosemberg, 2012; Stewart et al., 2012) .
For example, the novel tank test which looks at the amount of time a fish spends at the bottom of an unfamiliar tank, has been suggested to parallel thigmotaxic behavior (wallhugging) in the open field test in rodents (Rosemberg et al., 2011; Blaser and Rosemberg, 2012; Stewart et al., 2012) . However, the light-dark test which evaluates the amount of time the fish spends in either a white or black compartment of a test tank, has been suggested to parallel scototaxic (light avoidance) behavior in rodents (Maximino et al., 2010; Stewart et al., 2012) . Both of these tests have been used independently as measures of anxiety in zebrafish, but the validation of using one of these behavioral tests of anxiety over the other is difficult since no single behavioral measure reliably reflects anxiety by itself (Blaser and Rosemberg, 2012) . Therefore, the overarching goal of the current study was to determine the effects of exercise on anxiety by using a combination of tests that effectively evaluate different aspects of anxiety-like behaviors in zebrafish. We hypothesized that exercised fish would show reduced anxiety-like behavior exhibited by increased time in the light compartment of the light-dark test and decreased time at the bottom of the tank during the novel tank test.
METHODS

Ethical Note
This research complied with all requirements of the animal care and use protocols of The Pennsylvania State University; IACUC no. 44578.
Treatments
One year old offspring of wild-type zebrafish (n=52) were randomly distributed across 10 home tanks (35 x 19 x 28 cm) with equal numbers of each sex in each tank.
Each home tank had a biofilter, heater and gravel substrate. Each tank of fish was randomly assigned to one of two treatment groups (5 tanks per treatment); Exercised or Control. The fish were maintained on a 12 L : 12 D cycle with a water temperature of 25 ± 1°C. Fish were transferred from their home tanks to a multi-channel swim tunnel ( Fig.   1 ) for one hour per day, five days a week for 6 weeks. In order for all replicate tanks to be trained every day, two groups of 5 tanks were established for the procedure; the groups alternated daily between an 'Early' (8:00-9:00 am) and 'Late' (9:00-10:00 am) training session. Both groups contained Exercised and Control tanks whose channel assignment (1 through 5) was randomized each week. Fish were placed into assigned swim chambers after appropriate water flows had been established and measured. Following swim tunnel exposure fish were returned to home tanks and fed (commercial flake food and live brine shrimp).
Exercised fish were aerobically challenged by swimming against a water velocity ranging from 0.05 to 0.5 m/s. A maximum water velocity of 0.5 m/s was determined 
Anxiety Assay 1: The Light-Dark Test
On day 1 of week 7, all fish from each treatment were screened for anxiety behaviors in the light-dark test (Fig. 2a) . The experimental tank was divided into three equal sized compartments (25 x 25 x 30 cm) using opaque acrylic and water depth was maintained at 20 cm. The walls and floor of the center compartment were covered in gray tape and represented a neutral space where fish could choose to enter either the light or dark compartments. The walls and floor of the dark compartment were covered with black tape. The walls and floor of the light compartment were covered in white tape with a 360-lumen light placed squarely above. Each compartment had a rectangular door (5 x 7 cm) that allowed free access between compartments. To start a trial, individual fish were placed into the center compartment and given 10 minutes to move freely between the compartments. Data collection began as soon as a fish was placed in the water. A camera suspended from the ceiling recorded behavior. After each trial a third of the water
was replaced and mixed. Videos were analyzed using Behavioral Observation Research Interactive Software, BORIS (Friard and Gamba, 2016) . Variables measured included total time spent in each of the three compartments (dark, neutral, light), number of entries into the light and dark compartments, latency to enter the light compartment and total number of compartment changes.
Anxiety Assay 2: The Novel Tank Test
On day two of week 7, all fish from each treatment were screened for anxiety behaviors in the novel tank test (Fig. 2b) . The test tank (24 x 20 x 17 cm, water depth 14 cm) was covered on three sides with black plastic. A camera facing the uncovered side of the tank recorded behavior. Each fish could explore the tank for 5 minutes. After each trial, a third of the water was exchanged with new sump water and mixed before a new fish was tested.
Videos were analyzed using Behavioral Observation Research Interactive Software, BORIS (Friard and Gamba, 2016) . The test tank was visually divided into bottom, middle, and top zones using a 3 x 3 cm grid superimposed on the computer 
Statistical Analysis
Data were analyzed using general linear models. Data were tested for equality of variance and transformed when necessary. When data could not be transformed, the nonparametric Kruskal-Wallis test was used. Light-dark variables were compared across treatments with exercise regime (exercised or control) as a fixed factor and tank as a random factor. Diving variables were compared across treatments with exercise regime (exercised or control) as a fixed factor and tank as a random factor. Time spent in the bottom of the tank was compared across treatments, with minute of observation as a fixed-effect variable and individual fish as a random-effect variable. One fish from the Exercised treatment group died during training, and was thus excluded from the analyses.
Analyses were performed in SPSS (v. 21) and significance was tested at α = 0.05. Values are quoted as mean ± s.e.m. 
RESULTS
Anxiety Assay 1: The Light-Dark Test
Anxiety Assay 2: The Novel Tank Test
Across the full 5 minute trial, there was a trend toward Exercised fish spending less time in the bottom of the tank compared to Control fish (F1,48 = 3.59, P = 0.06; Fig.   4 ). There was a significant minute x treatment effect; fish reared in the Control treatment spent more time in the bottom of the test tank in the first 3 minutes of the trial, showing increased signs of anxiety compared with fish that experienced exercise (F4,48 = 2.73, P = 0.03; Fig. 4 ). There was no significant difference in time spent at the bottom of the tank across the 5 minute trial, regardless of treatment (F4,48 = 1.72, P = 0.15; Fig. 4 ). There was no overall difference in the rate of movement between treatments (F1,41 = 0.02, P = 0.97; Fig. 5a ), but fish that experienced exercise moved into the top quicker (F1,41 = 7.51, P = 0.04; Fig. 5b ) and stayed at the top for longer (F1,41 = 15.95, P < 0.01; Fig. 5c ).
There was a significant tank effect on time to move to top; Exercised tank 2 moved slightly faster into the top on average than all other tanks (F1,41 = 6.59, P = 0.05). There was no difference between treatments in the number of entries into the top/bottom (F1,41 = 0.34, P = 0.59), average top entry duration (F1,41 = 1.47, P = 0.29), or freeze duration (χ 2 = 0.17, P = 0.68). The effects of physical exercise on anxiety-like behavior in fish has not been studied before, however, mosquitofish that were exercised (water velocity, 0.06 m/s for 28 days continuously) showed an increase in boldness, exploration and aggression compared with control fish (Sinclair et al., 2014) . Thus, even at low water velocities (similar to the Control conditions in the current study), changes in fish behavior were observed. If we consider that stress can drive changes in anxiety behavior (Greenwood and Fleshner, 2008) , it is also interesting to note that Atlantic salmon (Salmo salar) exposed to exercise using a moving light stimulus set at 1.5 BL/s exhibited a decrease in resting plasma cortisol levels after 28 days (Herbert et al., 2011) . Moreover, rainbow trout (Oncorhynchus mykiss) displayed a decrease in cortisol in response to an acute bout of forced exercise (5 minutes of chasing over 28 days) compared with control conspecifics (Hernandez et al., 2002) , however, no measure of swim speed was reported.
A C C E P T E D M
Several studies have reported a beneficial effect of exercise on anxiety-like behavior in mammalian models of human research (Duman et al., 2008; Trejo et al., 2008; Dubreucq et al., 2015) , however, some have reported minimal or no effect (Burghardt et al., 2004; Pietropaolo et al., 2006) and a number have even reported an increase in anxiety-like behavior (Burghardt et al., 2004; Leasure and Jones, 2008; Fuss et al., 2010) . It is difficult to compare results across studies and draw conclusions due to the different exercise regimes and paradigms used to assess anxiety behavior. In terms of voluntary wheel-running, frequency, duration and intensity of exercise bouts can vary across individuals presenting difficulties when interpreting results (Otsuka et al., 2016) .
Where forced treadmill running has been used to control training intensity in rodents, inconsistent training paradigms across studies have made it difficult to make comparisons and draw conclusions (e.g. 5 days/week at 12 m/min for 40 mins over 3 weeks, Trejo et al., 2008; 5 days/week at 20 m/min at 5% grade for 45 mins over 8 weeks, Burghart et al., 2004) . In terms of behavioral measures, it has been suggested that a combination of tests should be used to measure anxiety in rodents, since no one test alone reflects a full analysis of anxiety-related behavior (Green, 1991) Salim et al., 2010) . Since so many studies have utilized different exercise regimes and behavioral paradigms, it is not surprising that the literature shows such divergent results.
Similarly, it has been suggested that a combination of behavioral tests should be used to look at anxiety-like behavior in zebrafish (Blaser and Rosemberg, 2012) . Thus, in the current study, two different behavioral tests were used to assess anxiety; the novel tank test (to measure thigmotaxic aspects of behavior) and the light-dark test (to measure scototaxic aspects of behavior). Exercised fish spent more time in the light compartment of the light-dark test and spent more time in the top of the novel tank test compared to Control fish, showing that exercise can affect both thigmotaxic and scototaxic aspects of behavior in zebrafish. Interestingly, time in the bottom of the tank during the novel tank test was not significantly different at the start compared to the end of the 5 minute trial for either Exercised or Control fish. This result was contrary to our expectations, however, the increase in time spent at the bottom of the tank during minute 4 may be due to disturbances by the experimenter when preparing the next fish for trial. Moreover, fish from both treatment groups spent more time in the light side than the dark side during the light-dark test, indicating that Control fish did not exhibit substantial light-avoidance as we predicted. Facciol et al. (2017) recently suggested that inconsistent results in the lightdark test probably stems from the modification of three factors; illumination level, background shade and 'openness' (e.g. dark side covered with a lid versus uncovered). Facciol et al. (2017) found that zebrafish exhibited a preference for black over white backgrounds, but not illuminated over dark. Therefore, our results further highlight the importance of using multiple measures and standard techniques to assess anxiety behavior.
Zebrafish are emerging as a candidate animal model for exercise physiology and behavior research because they provide many advantages over rodent animal models. For The results of the current study show that exercise can reduce anxiety-like behavior in fish, and provides an exercise regime which utilizes standard Ucrit values that can be applied across different studies. The results also highlight the importance of using multiple tests to look at different components of anxiety behavior in order to fully understand the impact of exercise on anxiety-like behavior in zebrafish. 
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